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• The COVID-19 has created urgent need to
develop effective strategies for treatment.

• Many compounds were tested for their
ability to inhibit the SARS-CoV-2 main
protease.

• Best candidates were sulfated exo-
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• MD simulation demonstrated high SEP
fragments-Mpro complex stability.
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 The coronavirus pandemic (COVID-19) has created an urgent need to develop effective strategies for prevention and
treatment. In this context, therapies against protease Mpro, a conserved viral target, would be essential to contain
the spread of the virus and reduce mortality. Using combined techniques of structure modelling, in silico docking
and pharmacokinetics prediction, many compounds from algae were tested for their ability to inhibit the SARS-
CoV-2 main protease and compared to the recent recognized drug Paxlovid. The screening of 27 algal molecules in-
cluding 15 oligosaccharides derived from sulfated and non-sulphated polysaccharides, eight pigments and four poly
unsaturated fatty acids showed high affinities to interact with the protein active site. Best candidates showing high
docking scores in comparison with the reference molecule were sulfated tri-, tetra- and penta-saccharides from
Porphyridium sp. exopolysaccharides (SEP). Structural and energetic analyses over 100 nsMD simulation demonstrated
high SEP fragments-Mpro complex stability. Pharmacokinetics predictions revealed the prospects of the identifiedmol-
ecules as potential drug candidates.
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1. Introduction

Pharmacotherapy based on natural compounds can be currently consid-
ered as a very promising alternative to conventional and chemical therapy
(Baklouti et al., 2020; Ben Hlima et al., 2019; Elleuch et al., 2019;
Ben Halima et al., 2015; Fendri et al., 2013; Abdelkafi et al., 2005).
Known as source of biomacromolecules with promising applications in
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pharmaceutical formulations, micro and macroalgae are some of the most
promising stakeholders in blue biotechnology (Dammak et al., 2018).
Their richness in organic compounds accumulated or secreted as primary
or secondary metabolites made them been used for long in therapeutic ap-
plications and screening for active principles (Ben Amor et al., 2017; Bule
et al., 2018; Ameen et al., 2021). They have been found to have antibacte-
rial (Das et al., 2005; Bhadury and Wright, 2004) antifungal, antiprotozoal
and antiplasmodial activities (Jaime et al., 2010; Naviner et al., 1999;
Kellam and Walker, 1989; Ozdemir et al., 2004; Herrero et al., 2006;
Ghasemi et al., 2004) as well as a broad range of antiviral activity. The
latter was related mostly to the presence of several active compounds
especially sulfated polysaccharides and phycocyanin (Shih et al., 2000;
Hasui et al., 1995). Recently, an increasing attention has been paid on
polysaccharides as an important class of bioactive natural products and
numerous research studies have pointed out the bioactivities of algal poly-
saccharides against a wide spectrum of viral infections (Raposo et al., 2013;
Ahmadi et al., 2015) like Human immunodeficiency virus (HIV), Herpes
Simplex Virus (HSV), African swine fever virus (ASFV), and influenza A
virus (Flu-A) (Rosales-Mendoza et al., 2020). Nonetheless, the depth of
these activities in terms of possiblemechanisms against potential drug targets
has been poorly studied. More recently, and due to the emergence of the
Coronavirus Disease 2019 (COVID-19) caused by the SARS-CoV-2 virus,
algal compounds and especially their polysaccharides are exploited at differ-
ent levels to fight this pandemy (Salih et al., 2021). To challenge highly viru-
lent SARS CoV-2 and its emerging mutations there is a serious demand to
ramp up drug discovery pipelines within a short timeframe. Despite the
current understanding on the viral structure and cycle, there is no specific
treatment for COVID-19 patients. The current vaccination campaign has
proven to be less effective against SARS-CoV-2 new variants and the protec-
tion effect against COVID-19 infection declined for all vaccine types as
observed in United States. Indeed, it was reported that the overall vaccine
protection declined from 87.9% to 48.1%. The decline was highest for the
Janssen from 86.4% to 13.1%, Pfizer BioNTech was from 86.9% to 43.3%,
and Moderna was from 89.2% to 58% (Cohn et al., 2022).

The COVID-19 Main protease (Mpro) is the major protease responsible
for functional protein maturation. It can be an attractive primary antiviral
target (Li and Kang, 2020). Targeting proteases, such as Mpro, is a common
approach for combating viral infections because those proteins are highly
conserved between variants as referring to the newly discovered Omicron
variant (Ferré et al., 2022). For instance, several in-silico screenings have
been conducted to identify Mpro inhibitors both through drug repurposing
and drug discovery approaches along with artificial intelligence. In the
many drug-repurposing studies, docking simulation-based technologies
have beenmainly employed and contributed to the identification of several
Mpro binders (Jin et al., 2020; Farhat et al., 2022; Ibrahim et al., 2021). In
this way, many approved FDA drugs were successfully selected like PF-
0730814 and PF-07321332 and entered clinical trials (Owen et al.,
2021). Encouraging results of phase of 2/3 were reported (Pfizer, 2021).
Fig. 1. Chemical structures of the three molecules having the b
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Paxlovid is a novel oral antiviral drug developed by Pfizer company. It is
a combination of PF-07321332 and ritonavir acting specifically against
the Mpro of SARS-CoV-2 (Pfizer, 2021). Molecular studies revealed that
this small molecule had a strong affinity and stable interaction with the cat-
alytic dyad His41-Cys145 of the protease (Ahmad et al., 2021).

The main goal of our in silico study is to screen a pool of bioactive com-
pounds from some algae which can inhibit Mpro with an efficiency similar
to that of Paxlovid. The choice of screenedmoleculeswas based on previous
studies highlighting their potential antiviral effect and/or bioactivity. Com-
bined virtual docking, molecular dynamics simulation and pharmacokinet-
ics prediction highlighted the most potential candidates to be used as Mpro

inhibitor.

2. Materials and methods

2.1. Selection and preparation of algal molecules

Di, tri, tetra and penta saccharides were constructed according to recent
publications on macro and microalgae polysaccharide structures
(Table S1). The carbohydrate modelling protocol used by Sapay et al.
(2013) was employed in our in silico study. In brief, the 2D structures of ol-
igosaccharideswere built using the Carbohydrate Builder onGLYCAM-Web
(www.glycam.org). Oligosaccharides containing deoxy residues were as-
sembled using the tLEaP module from the AMBER16 (Case et al., 2017)
package using GLYCAM06 force field parameters (Kirschner et al., 2008)
and from literature for sulfate groups (Huige and Altona, 1995). Other mol-
ecules than saccharides were obtained from the PubChem repository sam-
ple. In total 27 molecules were used for the docking screening, the details
of their formula, IUPAC name, molecular mass and pubchem CID are pre-
sented in supplementary Table S1. The minimized structures were con-
verted to PDB format followed by conversion to pdbqt one. Three of them
were presented as 2D chemical structures in Fig. 1 along with Paxlovid
which was used as control for the docking experiments.

2.2. Receptor preparation

The three-dimensional crystal structure of SARS-CoV-2 Mpro protease
cocrystallized with the inhibitor PF-07321332 (pdb code: 7VH8) was re-
trieved in pdb format from Protein Data Bank with a resolution of 1.59 Å
(Zhao et al., 2021). The ligand was then extracted, and the protein was pre-
pared in Autodock Vina tools 4.2 by removal of water and solvent molecules,
addition of polar hydrogens, and partial charge assignment before to be saved
as pdbqt format to be included as a receptor in the virtual screening.

2.3. Molecular docking protocol

The docking simulations of algal compounds to the SARS-CoV-2Mpro re-
ceptor protein were performedwith Autodock Vina 4.2. Molecular docking
est binding energies and the FDA approved drug Paxlovid.

http://www.glycam.org
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scores were set as AutoDock tools of the molecular graphics laboratory soft-
ware package by keeping the analogue flexible (Seeliger and de Groot,
2010). The grid box center was adjusted X = −17.81, Y = 18.517 and
Z = −26.091 with dimensions for SARS-CoX-2 Mpro. Its size was set to
40 × 40 × 50 Angstroms to cover the active site. Paxlovid was redocked
in the structure to validate the obtained results and used as control to com-
pare the molecular docking of the algal compounds. Docking results were
visualized using LigPlot and Poseview (Wallace et al., 1995; Stierand and
Rarey, 2007). Obtained models were examined with PyMol 0.97 and
Drug Discovery Studio (v.20.1.0.19295) (Kar and Roy, 2013).

2.4. Molecular dynamics simulation (MD) and free energy landscape analysis

The MD simulations studies were carried out in triplicate on dock com-
plexes for CMA1, CMA3 and control with receptor using the Desmond
2020.1 from Schrödinger, LLC. The triplicate samplings were made using
same parameters for each MD run to obtain reproducibility of the results.
The OPLS-2005 force field (Bowers et al., 2006; Chow et al., 2008;
Shivakumar et al., 2010) and explicit solvent model with the SPC water
molecules were used in this system (Jorgensen et al., 1983). NaCl solutions
(0.15 M) were added to the system to neutralize the charge and to simulate
the physiological environment. Initially, the system was equilibrated using
an NVT ensemble for 100 ns to retrain over the protein-ligand complexes.
Following the previous step, a short run of equilibration and minimization
was carried out using an NPT ensemble for 12 ns. The NPT ensemble was
set up using the Nose-Hoover chain coupling scheme (Martyna et al.,
1994) with the temperature at 27 °C, the relaxation time of 1.0 ps, and pres-
sure 1 bar maintained in all the simulations. A time step of 2 f. was used.
The Martyna-Tuckerman–Klein chain coupling scheme (Martyna et al.,
1992) barostat method was used for pressure control with a relaxation
time of 2 ps. The particle mesh Ewald method (Toukmaji and Board,
1996) was used for calculating long-range electrostatic interactions, and
the radius for the coulomb interactions were fixed at 9 Å. RESPA integrator
was used for a time step of 2 f. for each trajectory to calculate the bonded
forces. The root means square deviation (RMSD), radius of gyration (Rg),
root mean square fluctuation (RMSF) and number of hydrogen (H-bonds)
and Solvent accessible surface area (SASA) were calculated to monitor the
stability of the MD simulations. The free energy landscape of protein fold-
ing bound complexes was measured using Geo_measures v 0.8 (Kagami
et al., 2020). Geo_measures include a powerful library of g_sham and
form the MD trajectory against RMSD and radius of gyration (Rg) energy
profile of folding recorded in a 3D plot using matplotlib python package.

2.5. In-silico Osiris/Molinspiration and ADMET analysis

Osiris andMolinspiration analyses are performed on 2Dmodels and are
employed to predict pharmacophore site and biological activity of the
Fig. 2.A close up stick view (A) and surface view (B) of the superimposed Paxlovid positio
(blue).
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tested compounds as well as to determine the drug-likeness score of each
ligand (Sander et al., 2009). The acute toxicity in rodent models and chem-
ical classification of the test compounds were predicted by GUSAR
(Lagunin et al., 2011). It analyses compounds based on the quantitative
neighborhoods of atom descriptors and prediction of activity spectra for
substance algorithm and correlates the obtained results with the SYMYX
MDL toxicity database. The pharmacokinetic properties of the selected
ligands along with Paxlovid were achieved with using the SwissADME,
which is an open online tool (http://www.swissadme.ch). The ADME
properties define blood–brain barrier (BBB) permeability and human
gastrointestinal absorption (GI) as well as substrate or nonsubstrate for
permeability to glycoprotein (P-gp) and cytochrome P450 (CYP) (Daina
et al., 2017).

2.6. Computational compound toxicity prediction by VEGA Hub software

The selected compounds were subjected to 10 toxicity tests/
measurements performed by VEGA software version 1.1.5 using the
QSAR (quantitative structure-activity relationship) approach (https://
www.vegahub.eu/). The SMILES (Simplified Molecular Input Line Entry
Systems) of these compounds were generated (https://cactus.nci.nih.gov/
translate/) and inputted into the software for chemo-computational toxicol-
ogy evaluations.

3. Results and discussion

3.1. Virtual molecular docking

Firstly, the re-docking of the native cocrystal inhibitor (Paxlovid) has
been performed for the validation of the whole docking procedure ensuring
its reproducibility. The re-docking of this native ligand has shown that it
binds to the same site of the main protease (Mpro) of SARS-CoV-2 as the
co-crystal ligand binds in the original structure (PDB ID: 7VH8) used for
docking (Fig. 2A and B).

The rootmean square deviation (RMSD) value between the co-crystal li-
gand and re-docked native ligand position is 1.013 Å. Re-docking results
depicted that all the major interactions between active site residues and
re-docked ligand resembles to the interactions with the co-crystal inhibitor.
The binding energy of the re-docked ligand at the active site of Mpro is
−8.4 Kcal/mol. As for the published work (Zhao et al., 2021), many resi-
dues interact with Paxlovid including His164, Asn142, Gly143, Cys145,
His163, Met165, Glu166, Gln189, Arg188, His41, Leu141, Met49,
Asp187, Tyr54, Phe140 (Fig. 3C and D). The inhibitor occupies three of
four substrate subsites namely S1, S2 and S4 (Fig. 3A and B). In addition,
using X-ray crystallography, Zhao et al., 2021 demonstrated that thiol
group of catalytic C145was very close to the inhibitor nitrile carbon and at-
tacks this electrophilic group at P1′ site of the ligand. Hence, the formation
n in the active site ofMpro of the solved 3D structure (green) and re-docked structure

http://www.swissadme.ch
https://www.vegahub.eu/
https://www.vegahub.eu/
https://cactus.nci.nih.gov/translate/
https://cactus.nci.nih.gov/translate/


Fig. 3.Bindingmode of Redocked Paxlovid as stick representation showing S1, S1′, S2 and S4 subsites (A) and as dot surface representation showing fullness of the active site
(B). Visualization of docking results interaction of the inhibitor using (C) Ligplotplus and (D) dan Poseview.
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of a thioimidate adduct through a standard 1.8-ÅCS covalent bondwas pos-
sible. Thus, we can consider the molecular docking to be successful.

After that, a total of 27 major algal molecules have been docked to Mpro

(COVID-19 main protease). The choice of these compounds has been nota-
bly motivated by the poor knowledge of antiviral potential of sulfated poly-
saccharides from red microalgae contrary to other ones such as sulfated
galactans from red macroalgae. Indeed, there has been a substantial
increase in evidence that reveals the antiviral activity of various micro-
and macroalgal metabolites like lectins, sulfated polysaccharides, and
phycocyanobilins. Recent studies have reported that these compounds
demonstrate substantial activity against a wide array of DNA and RNA
viruses, including the influenza virus known to be associated with respira-
tory illnesses (Rosales-Mendoza et al., 2020). So, bioactive molecules from
microalgae could serve as a novel therapeutic option to tackle SARS-CoV-2
and alike viruses. SEP from Porphyridium species are known to perform
against a wide range of viruses including herpes simplex virus HSV-1 and
HSV-2 (Huheihel et al., 2002), varicela zoster virus (VZV), retrovirus
(Talyshinsky et al., 2002) murine sarcoma virus (MuSV-124), MuSV/
MuLV (murine leukemia virus and hepatitis B virus (HBV)).

Oligosaccharidic units were di- and tri-saccharides from starch, cellu-
lose and glycan aswell as di-, tri-, tetra- and penta-saccharides from sulfated
4

exopolysaccharides from Arthrospira sp. and Porphyridium sp. strains. The
sulfated exopolysaccharides structures are available in the literature
(a total of 15 ligands were constructed). Furthermore, 9 pigments mole-
cules and 4 poly-unsaturated fatty acids were equally tested. Themolecular
docking indicated that all the compounds used have a substantial binding
affinity toward the receptor as compared to the native ligand. The detailed
list is depicted in supplementary Table S1. Oligosaccharides presented
higher binding energies than other molecule types ranged between
−6.4 to−9.9 Kcal/mol and interestingly three sulfated saccharides exhib-
ited higher energies than Paxlovid namely CMA1, CMA3 and CMA5
(Fig. 1). Phycocyanobilin presented a relatively high binding energy
(−8.3 Kcal/mol) which could be explored in a future investigation. Similar
high binding energy was found in previous in silico work (−8.6 Kcal/mol)
highlighting the significant potential of this algae pigment as antiviral
agent with good efficiency against SARS-CoV-2 (Pendyala and Patras,
2020). Compounds having binding energy greater than −8.5 Kcal/mol
have been taken for further analysis. Two compounds have been taken
into consideration as reflected in bold in Table S1 namely sulfated tetra-
and penta-saccharides from Porphyridium sp. The detailed interactions
with the different amino acid residues of Mpro have been depicted in
Table S2, Figs. 4 and 5 in comparison with the Paxlovid inhibitor (Fig. 3).
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Sulfated penta-saccharide from Porphyridium sp. namely CMA3 has
shown the best binding affinity toward Mpro with a binding energy of
−9.9 Kcal/mol. The interaction is depicted by generating ligplot and
poseview diagrams shown in Fig. 4C and D. Docking study has shown
that CMA3 interacts with a total of 23 amino acids; Asn 119, Gln 192,
Ser144, His163, Asn142, Cys145, Gly143, His41, Phe140, Thr24, Thr26,
Leu27, Thr190, Arg188, Met165, Glu166, Leu167, Asp187, Tyr54,
Met49, His164, Leu141 and Gln189. Sixteen H-bonds were found stabiliz-
ing the ligand in addition to hydrophobic interactions which enhance
CMA3 binding to the active site of SARS-CoV-2 Mpro. As observed for the
structure of SARS-CoV-2 Mpro complexed with Paxlovid, the two catalytic
residues C145 and H41 are involved in the interactions. The inspection of
surface representation shows that, compared to Paxlovid molecule occupy-
ingmainly the S4, S2 and S1 subsites, CMA3 inhabits all the four subsites of
the substrate-binding pocket (Fig. 4A and B). Thus, it can be predicted that
this molecule binds strongly to the entire amino acid residues needed for
proper inhibition of the SARS-CoV-2 Main protease.

Sulfated tetrasaccharide from Porphyridium sp. namely CMA1 has
shown comparable number of amino acid interactions despite of higher
number of hydrogen bonds (10 bonds) compared to Paxlovid (Table S2,
Fig. 5C and D). In the same way, and as shown in Fig. 5A and B, CMA1 oc-
cupies the four subsites of the catalytic pocket and interact with the cata-
lytic C145 and H41. This second molecule could also bind strongly and
inhibit the protease activity. In both cases, sulfate groups established 3 hy-
drogen contacts with the Thr25 and Ser46. It should be noted that, for some
Fig. 4. Binding mode of the penta-sulphated oligosaccharide (CMA3) as stick represen
Visualization of docking results interaction of the inhibitor using (C) Ligplotplus and (D
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semisynthetic polysaccharides, it is documented that higher sulfation
means better antiviral activity of molecules (Ghosh et al., 2009).

The higher affinity of CMA3 compared to CMA1, and hence itsmore po-
tent antiviral activity, may be due to the highermolecular weight of the for-
mer providing greater opportunity for multipoint binding to the Mpro of
SARS-CoV-2. The glucuronic acid unit occupies the oxyanion hole (S1 sub-
site) that is stabilized by the backbone NH of G143 and the catalytic C145
through three hydrogen bonds for CMA3 and by the backbone NH of L141
and the catalytic C145 through 2 hydrogen bonds for CMA1. In both cases,
the carboxylic group of the glucuronic acid is stabilized by hydrogen bond
with the Nε2 atom of H163.

It should be noted here that, only C145 and H41 are engaged directly in
the cleavage mechanism of Mpro. An electron transfer between them leads
to the nucleophilic attack on the carbonyl carbon atom of the peptide
bond, thus leading to a thiohemiketal (THA) intermediate. The remaining
of the residues implicated in the substrate interaction would stabilize and
favour a step-wise degradation process (Świderek and Moliner, 2020).

Based on these results, the two docked ligands as well as the redocked
inhibitor have been selected to find out their system stability, flexibility,
and other dynamic properties through 100 ns MD simulation.

3.2. Molecular dynamics simulation (MD) and free energy landscape analysis

Molecular dynamics and simulation (MD) studies were carried out to in-
vestigate the stability and convergence of CMA1+Mpro and CMA3+Mpro
tation (A) and as dot surface representation showing fullness of the active site (B).
) dan Poseview.



Fig. 5. Binding mode of the tetra-sulphated oligosaccharide (CMA1) as stick representation (A) and as dot surface representation showing fullness of the active site (B).
Visualization of docking results interaction of the inhibitor using (C) Ligplotplus and (D) dan Poseview.

H. Ben Hlima et al. Science of the Total Environment 836 (2022) 155580
complexes with comparison to Paxlovid + Mpro one. Simulation of 100 ns
displayed stable conformation while comparing the root mean square devi-
ation (RMSD) values. The RMSD of Cα-backbone of the receptor protein
(Mpro) bound to CMA1 exhibited a deviation of 0.9 Å (Fig. 6A) while with
CMA3 it displayed a deviation 0.7 Å (Fig. 6A). For initial 38 ns there is a de-
crease in RMSD deviations observed while later than 38 ns the curve is sta-
ble till 100 ns for CMA3 bound state (Fig. 6A).

However, receptor protein with Paxlovid (control + receptor) exhib-
ited much higher deviation 1.5 Å from the 85th ns to the end of the simula-
tion. Large deviation of RMSD is due to unordered structure of the control
bound receptor protein while the less deviated RMSD of CMA1 and
CMA3 bound receptors signify a good convergence and stable conforma-
tions. Therefore, it can be suggested that CMA1 and CMA3 bound to Mpro

is quite stable in complex due to the high affinity of the ligand. The plots
for root mean square fluctuations (RMSF) displayed small spikes of fluctu-
ation in receptor protein except Paxlovid bound state which leads to un-
ordered structure at residues 50, 180 and 225, while the remaining of the
residues less fluctuating during the entire 100 ns simulation (Fig. 6B) indi-
cating the stable amino acid conformations during the simulation time.
Therefore, from RMSF plots it can be suggested that the structures of recep-
tors were stable during simulation in CMA1 and CMA3 bound conforma-
tions. Number of hydrogen bonds between protein and ligand suggests
the significant interaction and stability of the complex. The hydrogen
6

bonds showed significant numbers between receptor and CMA1 as well as
CMA3 throughout the simulation time of 100 ns (Fig. 6C). A consistent
numbers of hydrogen bonds are observed between receptor and CMA1
(average number of 6) and CMA3 (average number of 8) that might facili-
tate to conform into stable complex (Fig. 6C). In contrast, with control
ligand the number of observed hydrogen bonds was significantly less as
compared to CMA1 and CMA3 bound receptor. The average numbers are
observed to be one which might be the cause of less affinity for the ligand
(Fig. 6C). These results are in accordance with the interaction diagrams
retrieved after docking experiments.

Radius of gyration is the measure of compactness of the protein. In this
study, receptor Cα-backbone bound to CMA1 displayed stable radius of gy-
ration (Rg) ranging from 22.1 to 22.2 Å (Fig. 6D). Receptor Cα-backbone
bound to CMA3 displayed stable as well as lowering of peaks from 22.1
to 22.3 Å (Fig. 6D). On the other hand, the control Paxlovid bound to recep-
tor protein (control + receptor) displayed significant uneven fluctuations
and devoid of stability indicating less compact orientation of the protein
(Fig. 6D). Followed by Rg analysis, similar patterns were also observed in
Solvent Accessible Surface Area (SASA) in both ligand bound and unbound
state. It is clearly visible from the Fig. 6E and F that in the unbound state of
ligand+ receptor protein displayed high surface area accessible to solvent
(Fig. 6E and F, cyan) while binding with CMA1 and CMA3, the SASA value
lowered as compared to unbound state (Fig. 6E and F, pink and blue).



Fig. 6.Analysis ofMD simulation trajectories of 100 ns time scale. (A) RMSDplot displaying themolecular vibration of Cα backbone of Receptor+ control (red), Receptor+
CMA1 (pink) and Receptor+CMA3 (blue). (B) RMSF plots showing the fluctuations of respective amino acids throughout the simulation time 100 ns for Receptor+ control
(red), Receptor + CMA1 (pink) and Receptor + CMA3 (blue). (C) Number of hydrogen bonds formed between Receptor + control (red), Receptor + CMA1 (pink) and
Receptor + CMA3 (blue) during 100 ns simulation time scale. (D) Radius of gyration plots for the deduction of compactness of protein Receptor + control (red),
Receptor + CMA1 (pink) and Receptor + CMA3 (blue). Solvent accessible surface area (SAS Area) displaying the ligand bound and unbound area at the binding pocket
(cyan), (E) Receptor + CMA1 (pink), (F) Receptor + CMA3 (blue) and (G) Receptor + control (red).
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However, a surprisingly plot was observed for control bound to receptor,
where, lowering of Rg value observed till 70 ns but later became coincide
with the unbound state. That signifies the less ligand affinity and compels
out of the binding cavity. The overall study of Rg signifies the ligand
CMA1 and CMA3 binding compels the respective proteins to become
more compact and less flexible.

The Free Energy Landscape of (FEL) of achieving global minima of Cα
backbone atoms of proteins with respect to RMSD and radius of gyration
(Rg) are displayed in Fig. 7. CMA1 bound to receptor achieved the global
minima (lowest free energy state) at 2.7–3.5 Å and Rg of 22.3 Å (Fig. 7A).
The FEL envisaged for deterministic behaviour of receptor to lowest energy
state owing to its high stability and best conformation at CMA1 bound state.
Whereas in case of CMA3 bound with received, the global minimum (low-
est free energy state) is achieved at 3.1–3.4 Å and Rg of 22.25 Å (Fig. 7B).
On the other hand, global minimum is achieved by paxlovid bound to re-
ceptor at high RMSD 3.5 Å and Rg 22.3 Å (Fig. 7C).

Therefore, FEL is the indicator of the protein folding to attain minimum
energy state, and that aptly achieved due to CMA1 and CMA3 bound state.
Further free energy landscape (FEL) of CMA1 and CMA3 bound receptor
complexes exhibited a deep basin over areas of increased free energy with
the deep blue colour locations represented the local energy minima and ac-
tively promoted stable conformations similarly suggested by Singh et al.
(2021).

3.3. Pharmacokinetic properties predicted by SwissADME, Osiris and
Molinspiration

The toxicity properties of the selected molecules along with Paxlovid
were evaluated as potential drug candidates. Firstly, General Unrestricted
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Structure–Activity Relationships (GUSAR) software was used for quantita-
tive in silico toxicity prediction in rats considering the four types of admin-
istration (intraperitoneal, intravenous, oral and subcutaneous). As
displayed in Table S3, the LD50 values of CMA1 and CMA3 were higher
than Paxlovid for intravenous (IV), oral, and subcutaneous (SC) routes of
administration. While the LD50 values through intraperitoneal (IP) route
were higher for Paxlovid. According to the OECD chemical classification
system, the toxicity profiles of CMA1 and CMA3 are relatively low, they
fall for the most in the applicability domain of models and they require
high doses to induce toxic responses.

The pharmacophore features and drug-like properties were performed
with Molinspiration and Osiris Property Explorer. The cLogP values
(which is octanol/water partition coefficient) of CMA1 and CMA3 were
found lower than 5.0 (Table 1). This finding suggests that these analogues
have rational high absorption and permeability.

Solubility is known to be a significant parameter for drug design
and pharmacology due to the potential absorption and distribution
characteristics. The solubility values of CMA1 and CMA3 were 2.19
and 2.36, respectively compared to −3.69 for Paxlovid (Table 1).
Our two compounds were found to have much higher solubility in
water than the Paxlovid.

Ion ChannelModulator, HumanG-protein coupled receptors (GPCRs) li-
gands, Nuclear Receptor Ligand, Kinase Inhibitor, Protease Inhibitor and
Enzyme inhibitors of the selected ligands were illustrated with the predic-
tion bioactivity scores using online-site Molinspiration (Table 1). Although
there are few violations but bothmolecules can be used as a drug for proper
application. As presented in Table 1, metabolic enzymes such as cyto-
chrome P450 (CYP) and the transporter class P-glycoprotein (P-gp) were
equally assessed in this study. CMA1 and CMA3 were noticed to be P-gp



Fig. 7. Free Energy Landscape displaying the achievement of global minima (ΔG, kJ/mol) of (A) receptor in presence of CMA1with respect to their RMSD (nm) and radius of
gyration (Rg, nm); (B). Free Energy Landscape displaying the achievement of global minima (ΔG, kJ/mol) of receptor in presence of CMA3 with respect to their RMSD (nm)
and radius of gyration (Rg, nm). (C) Free Energy Landscape displaying the achievement of global minima (ΔG, kJ/mol) of receptor in presence of control with respect to their
RMSD (nm) and radius of gyration (Rg, nm).
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substrates and were not inhibitors to different tested cytochrome P450 iso-
mers which have a crucial role in drug elimination.

However, skin permeation coefficient (log Kp) indicated that all com-
pounds were impermeable through the skin barrier. Moreover, medicinal
chemistry parameters revealed that none of the selected molecules returns
any Pan-assay interference compounds (PAINS) alert with also no Brenk
alert for both compounds CMA1 and CMA3 (except the Paxlovid which
showed one Brenk alert). The synthetic accessibility values of all com-
pounds were in the range of 3.79 for Paxlovid, 6.28 for CMA1 and 6.86
for CMA3 which indicated that they could be easily synthesized for phar-
maceutical uses.

3.4. Computational compound toxicity prediction by VEGA Hub

In this section we determined the toxicity of the Paxlovid and the two
selected oligosaccharides (CMA1 and CMA3) by VEGA software using the
QSAR (quantitative structure-activity relationship) approach. The results
were outlined in Table 4S. Toxicity measurements performed by Vega
Hub software showed that Paxlovid can be a toxic compound in different
assays. It was found to be carcinogen in Carcinogenicity model (CAESAR)
and predicted to be an androgen disruptor that interferes with the biosyn-
thesis, metabolism or action of endogenous androgens by the activation
of androgen receptors based on Androgen Receptor-mediated effect
(IRFMN/COMPARA) model.
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Moreover, Paxlovid was predicted to engender Hepatotoxicity based on
Hepatotoxicity model (IRFMN). Therefore, this drug is quite unsafe. CMA1
and CMA3 showed no toxicity from any of the studied toxicity model. So,
these compounds could be safe and effective antiviral agents as compared
to synthetic drugs. It is generally agreed that in silico methods are among
themost advisable alternatives for the safety evaluation of chemicals. How-
ever, these methods are not capable of entirely substituting in vitro and
in vivo testing. It should be noted that Mpro is a conserved protein having
no homologs or similar cleavage sites for proteases found in the human pro-
teome, making it an ideal potential drug repurposing and screening target.
Thus, drugs targeting Mpro are expected to have less or no side effects and
toxicity while still acting as a broad-spectrum antiviral agent. Overall, we
demonstrated that oligosaccharide derived from Porphyridium SEP could
have a great anti SARS-CoV-2 potential.

The most studied marine algal sulfated polysaccharides are sourced
from green macroalgae (ulvans), from red macroalgae (carrageenans and
agar), and from brownmacroalgae (fucoidans and laminarans). These poly-
saccharides have been shown to possess antiviral activity against herpes
human immunodeficiency virus type1 (HIV-1), chikungunya virus, simplex
virus (HSV), cytomegalovirus (CMV), influenza virus, and hepatitis virus.
Furthermore, recently their antiviral effect against the COVID-19 pandemic
has also been reported (Hans et al., 2021). Various marine sulfated polysac-
charides showed inhibitory activity against SARS-CoV-2, including sea
cucumber sulfated polysaccharide (SCSP), chondroitin sulfate from sharks,



Table 1
Drug likeliness properties by SwissADME, Osiris and Molinspiration.

Drug likeness properties Paxlovid CMA1 CMA3

Bioavailability and drug-scorea

Molecular weight g/mol 498.53 730.60 864.71
cLogP 0.98 −9.49 −10.73
Solubility −3.69 2.19 2.36
TPSA 131.4 396.4 455.3
Drug likeness −36.55 −4.85 −4.82
Drug-score 0.12 0.27 0.26

Drug likenessb

GPCR ligand 0.06 −0.15 −1.51
Ion channel modulator −0.12 −1.10 −2.86
Kinase inhibitor −0.22 −0.86 −2.54
Nuclear receptor ligand −0.21 −0.85 −2.62
Protease inhibitor 0.45 0.14 −0.94
Enzyme inhibitor 0.03 −0.05 −1.67

Pharmacokineticsc

GI absorption High Low Low
BBB permeant No No No
P-gp substrate Yes Yes Yes
CYP1A2 inhibitor No No No
CYP2C19 inhibitor No No No
CYP2C9 inhibitor No No No
CYP2D6 inhibitor No No No
CYP3A4 inhibitor No No No

Medicinal chemistryc

PAINS 0 0 0
Brenk 1 0 0
Lead-likeness No No No
Synthetic accessibility 3.79 6.28 6.86

GI: gastrointestinal absorption; BBB: blood brain barrier; P-gp: permeability glyco-
protein; CYP: cytochrome P450.

a Osiris.
b Molinspiration.
c SwissADME.

H. Ben Hlima et al. Science of the Total Environment 836 (2022) 155580
fucoidan and carrageenan which have been shown to prevent SARS-CoV-2
entry into the cell by binding to the S-glycoprotein (Song et al., 2020). Sig-
nificant antiviral activity was displayed by SCSP with an IC50 of 9.10
μg/mL. An investigation of a pseudotype virus with S glycoprotein con-
firmed the potential of SCSP to bind to the S glycoprotein and thus to pre-
vent SARS-CoV-2 host cell entry (Geetha Bai and Tuvikene, 2021).

4. Conclusion

The virtual molecular docking study reveals that sulfated penta- and
tetra-saccharides from SEP of Porphyridium sp. have a higher binding affin-
ity toward COVID-19main protease compared to co-crystal ligand inhibitor
Paxlovid. Molecular dynamics simulation studies of the top two docked
compounds and Paxlovid confirm that they have good stability, flexibility,
and binding affinity toward Mpro compared to the inhibitor. From the re-
sults, it can be concluded that these compounds can be used for medicinal
purposes and are non-toxic. Overall, this in silico study predicts that two ol-
igosaccharides' compounds from Porphyridium SEP, may have the potency
to be evolved as an anti-Mpro drug to fight against the novel coronavirus
but before that, it must go through under the proper preclinical and clinical
trials for further experimental and/or clinical validation.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2022.155580.
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